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1 3.  ABSTRACT  (Maximum  200  words, I 

Plates  of  Austempered  Ductile  Iron  (ADI)  containing,  in  mass  pet,  3.7  C,  2.7 
Si,  0.97  Ni  and  0.27  Mn  were  heat  treated  to  ASTM  897  Grade  1  and  3  tensile 
properties  and  subjected  to  tensile  testing  at  temperatures  between  -80  and 
120  °C.  Room  temperature  yield  and  ultimate  tensile  strengths  met 
specifications  but  values  of  elongation  were  lower  than  expected.  The  retained 
austenite  contents  contributed  to  lowered  yield  strengths  during  low 
temperature  testing  and  increased  ultimate  tensile  strengths  and  ductilities 
during  high  temperature  testing.  These  changes  in  properties  were  related  to 
the  effects  of  temperature  on  the  strain- induced  transformation  of  austenite 
to  martensite.  The  lower  than  expected  ductility  of  the  ADI  specimens  was 
related  to  microporosity,  differences  in  graphite  nodule  distributions, 
differences  in  strain  hardening  related  to  austenite  stability,  and  the 
ductile-to-brittle  fracture  transition  of  the  matrix  ferrite  with  decreasing 
temperature . 
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1.0  INTRODUCTION 


Austempered  ductile  irons  (ADI)  are  alloyed  nodular  cast  irons  which 
after  solidification  are  subjected  to  austenitizing  and  isothermal 
transformation  (aus tempering)  heat  treatments  (1,2).  During  isothermal 
holding,  austenite  first  transforms  to  acicular  or  bainitic  ferrite  and  carbon 
is  rejected  into  austenite  adjacent  to  the  ferrite.  The  high  silicon  of  the 
cast  iron  prevents  cementite  formation,  and  the  enriched  austenite,  sometimes 
referred  to  as  reacted  austenite  (3),  is  quite  stable  and  coexists  with  the 
acicular  ferrite  to  provide  good  combinations  of  strength  and  ductility  (4) . 
Adjustments  in  austenitizing  and  austempering  temperatures  are  used  to  produce 
ADI  grades  of  various  strength  and  ductility  levels  (5) .  The  grade 
designations,  minimums  in  strength  and  ductility,  and  anticipated  hardness 
ranges  are  summarized  in  Table  1.  These  data  show  that  depending  on  heat 
treatment,  tensile  sterengths  between  125  ksi  and  220  ksi  can  be  obtained. 
Extended  heating  in  the  austempering  range  could  cause  the  retained  austenite 
to  decompose  to  ferrite-carbide  microstructures  with  reduced  toughness  (5). 


TABLE  1  -  Summary  of  Tensile  Properties  for  Standard  ADI  Grades  as  Specified 

in  ASTM  897-90  (5). 


Grade 

Tensile 

Strength* 

(ksi) 

Yield 

Strength* 

(ksi) 

Elongation* 

(%) 

Typical 

Hardness 

(BHN) 

1 

125 

80 

10 

269-321 

2 

150 

100 

7 

302-363 

3 

175 

125 

4 

341-444 

4 

200 

155 

1 

388-477 

5 

230 

185 

N/A 

444-555 

Minimum  Values 


Recent  studies  of  intercritically  annealed  and  isothermally  transformed 
low-carbon  steels  show  that  retained  austenite  plays  an  important  role  in 
mechanical  behavior  (6-9).  Depending  on  test  temperature,  the  austenite  may 
transform  at  low  strains  and  significantly  affect  yielding  behavior,  or  the 
austenite  may  be  stable  to  high  strains  and  enhance  ultimate  strength  and 
defer  necking  instability. 


The  effect  of  test  temperature  on  the  mechanical  behavior  of  the 
ferrite-austenite-nodular  graphite  microstructures  of  ADI  has  received 
relatively  little  attention.  Therefore,  the  purpose  of  this  investigation  was 
to  evaluate  mechanical  performance  of  ADI  by  tensile  testing  over  a  range  of 
temperatures,  from  cryogenic  to  well  above  room  temperature.  The  selected 
range  of  temperatures  represents  conditions  to  which  ADI  tank  components  might 
be  subjected  in  climates  ranging  from  desert  to  arctic. 
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2.0  EXPERIMENTAL  PROCEDURE 


The  research  program  involved  three  specific  phases  identified  as 
follows : 

Phase  I  Microstructural  and  hardness  analysis  of  as -cast  plates  and 
laboratory  heat  treated  coupons . 

Phase  II  Mechanical  property  study  on  laboratory  heat  treated 
samples . 

Phase  III  Mechanical  property  study  on  commercially  heat  treated  Grade 
1  and  Grade  3  samples. 

Experimental  castings  were  prepared  by  Vagner  Casting  Company,  Decator, 
Illinois,  as  either  0.5  inch  (12.7mm)  or  1.0  inch  (25.4  mm)  thick  plates  with 
the  following  composition  (in  wt.  pet.):  3.7  C,  2.7  Si,  0.97  Ni,  0.27  Mn, 
0.057  Mg,  0.003  Mo,  0.87  Cu,  0.009  P,  0.009  S,  and  0.03  Cr.  Two  8  x  8  inch 
plates  of  each  thickness  were  received  in  the  as-cast  condition  for  Phase  I 
and  Phase  II  studies.  The  material  for  Phase  III  was  received  in  commercially 
heat  treated  conditions . 


2.1  Phase  I 


The  as -received  microstructures  of  each  thickness  plate  were  evaluated 
with  standard  light  metallographic  techniques  on  samples  etched  in  nital.  To 
evaluate  the  effect  of  aging  time  on  hardness ,  cube  samples ,  1  inch  square , 
were  cut  from  one  of  the  1  inch  thick  plates  and  heat  treated  with  the 
following  procedure:  austenitize  at  900°C  for  120  min.;  quench  into  a  370°C 
salt  bath  and  age  for  15,  30,  45,  60,  90,  and  120  min.  followed  by  an  air 
cool . 


2 . 2  Phase  II 

The  effects  of  strain  rate  and  test  temperature  on  the  tensile 
properties  of  laboratory  heat  treated  samples  were  evaluated  on  samples  from 
the  0.5  inch,  thick  as-cast  plates.  The  two  plates  were  cut  into  eight  equal 
sections,  each  4  inch  x  4  inch  square,  and  six  of  the  sections  were  heat 
treated  with  the  following  procedure:  pretreatment  of  90  min.  at  635°C 
followed  by  a  furnace  cool;  austenitize  at  900°C  for  120  min.;  quench  into  a 
345°C  salt  bath  for  90  min.  followed  by  an  air  cool.  Coupons  (0.5  x  0.5  x  4.0 
inches)  were  cut  for  tensile  samples  and  prior  to  machining  the  hardness  was 
measured  on  each  coupon;  the  measured  values  for  all  coupons  were  between  32 
HRC  and  38  HRC.  Round  tensile  samples  with  a  1.2  inch  long  by  0.25  inch 
diameter  gage  section,  were  machined  from  the  heat  treated  coupons.  The  gage 
sections  were  ground  to  an  8  /x-inch  finish. 

Tensile  tests  were  performed  on  a  screw-driven  testing  machine  at  -80, 
-30,  23,  70,  and  120  °C  and  a  constant  crosshead  speed  of  0.02  in/min.  The 
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test  system  was  equipped  with  a  special  test  frame  which  allowed  the  samples 
to  be  submerged  in  heating  or  cooling  fluids  (7).  For  tensile  testing  at  -80 
and  -30°C,  temperature  was  maintained  with  a  controlled  refrigerated  alcohol 
bath.  The  23°C  tests  were  performed  in  air  and  the  elevated  temperature  tests 
were  performed  in  a  constant  temperature  oil  bath.  Strain  was  directly 
measured  with  a  submersible  extensometer  attached  to  the  tensile  samples  and 
load-strain  tensile  data  were  recorded  on  a  computer-based  data  acquisition 
system.  Selected  tests  at  23°C  were  also  performed  at  0.2  in/min.  At  least 
three  samples  were  tested  at  each  test  condition.  The  microstructures  were 
evaluated  in  the  as-polished  condition  on  as-received  samples  and  sections 
through  the  tensile  fracture  surfaces.  The  graphite  nodule  size  distributions 
and  average  sizes  were  determined  from  polished  samples  with  a  Leco  image 
analyzer . 


2.3  Phase  III 


Four  8  inch  x  8  inch  square  plates  were  received  commercially  heat 
treated  to  either  Grade  1  properties  with  an  average  hardness  of  33  HRC  or 
Grade  3  properties  with  an  average  hardness  of  42  HRC  as  specified  by  ASTM 
897-90  (5).  For  each  heat  treated  condition,  one  plate  was  0.5  inch  thick  and 
one  was  1.0  inch  thick.  Tensile  tests  were  performed  with  the  same  procedures 
outlined  for  Phase  II  above. 

As  part  of  Phase  III,  retained  austenite  measurements  were  obtained  on 
all  samples.  An  approximate  method,  based  on  x-ray  diffraction  measurements, 
as  calibrated  against  the  volume  fraction  of  a  "known"  samples  in  which  the 
austenite  volume  percent  was  obtained  from  Mossbauer  measurements,  was 
utilized.  The  specific  procedures  were  as  follows:  obtain  as  a  calibration 
sample  a  laboratory  heat  treated  coupon  with  a  high  volume  fraction  of 
retained  austenite;  measure  the  retained  austenite  content  on  the  calibration 
sample  with  Mossbauer  spectroscopy;  for  the  calibration  sample  and  each  test 
sample  obtain  the  x-ray  diffraction  pattern  for  a  scan  from  approximately  29 
of  60°  to  80°  and  determine  the  peak  height  intensities  for  the  (200)  ferrite 
peaks  (Ia)  and  the  (220)  austenite  peaks  (I7);  for  each  test  sample  determine 
the  apparent  volume  fraction  of  austenite,  f7.app,  defined  as  I7/(Ia  +  I7)  ;  for 
the  calibration  sample  determine  the  ratio  of  the  actual  austenite  volume 
fraction  (as  obtained  from  Mossbauer  measurements)  to  f7-app  and  define  this 
ratio  as  a  calibration  factor  /3;  finally  determine  the  actual  volume 
fraction,  f7,  defined  as  0  x  f7_app.  It  was  estimated  that  this  technique  will 
predict  an  austenite  volume  fraction  within  about  10%  of  the  quoted  level 
(e.g.  f7  =  20%  ±  2%). 

To  evaluate  the  effects  of  strain  on  austenite  transformation  during 
deformation  at  room  temperature,  samples  of  the  0.5  inch  thick  plates  of  both 
the  Grade  1  and  Grade  3  materials  were  deformed  by  rolling  on  a  laboratory 
rolling  mill . 
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3 . 0  RESULTS 


3.1  Phase  I 


Light  micrographs  of  the  as -cast  microstructures  are  shown  in  Fig.  1. 
Figures  la  and  lb  present  two  magnifications  of  the  0.5  inch  thick  plate  and 
Figs,  lc  and  Id  present  corresponding  results  for  the  1  inch  plate.  The  as- 
cast  microstructures  are  independent  of  plate  thickness  and  consist  of 
spherical  graphite  nodules  surrounded  by  ferrite  in  a  pearlitic  matrix.  The 
effects  of  time  during  austempering  at  370°C  on  the  heat  treated 
microstructures  for  samples  austempered  for  15,  45,  60,  and  120  minutes  are 
shown  in  Fig.  2  and  on  hardness  are  shown  in  Fig.  3.  The  heat  treated 
microstructures  are  essentially  independent  of  time  and  consist  of  graphite 
nodules  in  a  matrix  of  acicular  ferrite  and  austenite.  This  matrix 
microstructure  is  sometimes  referred  to  as  "ausferrite"  (2).  Figure  3  shows 
that  the  hardness  is  high  for  the  15  minute  austempered  sample  and  is 
essentially  constant  for  all  other  tempering  times.  Also  shown  in  Fig.  3  is 
the  effect  of  austempering  time  on  samples  of  an  1.5  pet  Ni-0.3  pet  Mo  alloy 
heat  treated  at  900°C  (10).  A  similar  high  hardness  for  short  times  and 
hardnesses  which  are  essentially  independent  of  time  for  longer  times  were 
obtained  for  both  alloys. 


3.2  Phase  II 


The  laboratory  heat  treated  samples  exhibited  smooth  tensile  stress- 
strain  curves  with  minimal  variability  in  measured  flow  stresses  but  with 
significant  variability  in  total  ductility.  As  an  example,  Fig.  4  presents 
four  stress -strain  curves  for  samples  tested  at  120°C  and  0.02  in/min.  The 
total  ductility  varied  between  1.9  and  20%. 

The  effects  of  test  temperature  on  the  tensile  stress-strain  behavior 
for  samples  deformed  at  0.02  in/min  are  shown  in  Fig.  5.  Results  for  the 
samples  with  the  highest  ductility  at  a  given  test  temperature  have  been 
selected.  In  general,  with  a  decrease  in  temperature,  the  peak  ductility 
decreased  and  the  strength  increased.  The  results  of  the  tensile  tests 
performed  in  Phase  II  are  summarized  in  Table  2  which  includes  the  yield 
strengths  at  an  offset  strain  of  0.2%,  ultimate  tensile  strengths,  tensile 
ductilities,  reduction  in  areas  at  fracture,  and  the  average  sample 
hardnesses.  For  these  samples  at  least  5  hardness  tests  were  obtained  within 
the  grip  section  of  each  tensile  sample;  the  typical  total  variation  in 
hardness  within  one  sample  was  approximately  3  HRC  units. 

Selected  results  of  the  Phase  II  metallography  study  on  deformed  tensile 
samples  are  presented  in  Figs.  6  and  7.  Figure  6  includes  micrographs  which 
show  cross  sections  of  tested  tensile  samples.  The  micrographs  were  obtained 
at  a  location  adjacent  to  the  fracture  surfaces  which  are  evident  at  the  top 
of  each  micrograph.  The  microstructure  consists  of  graphite  nodules, 
raicroporosity ,  and  microcracks.  The  micrographs  illustrate  the  range  in 
graphite  nodule  distributions  observed  in  this  study.  For  samples  which 
exhibited  low  ductilities,  the  microcracks  are  associated  with  the 
microporosity.  However,  for  samples  which  exhibited  high  ductilities, 
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microcracks  also  nucleated  at  graphite  nodules. 

In  Fig.  7,  quantitative  metallographic  analysis  of  the  graphite  nodule 
size  distributions  for  the  four  micrographs  in  Fig.  6  are  presented.  In  each 
bar  chart  the  dashed  line  indicates  the  average  nodule  size  distribution  for 
all  of  the  samples.  For  the  micrographs  shown  here,  the  sample  shown  in  Fig. 
7b  (and  Fig.  6b)  exhibits  a  size  distribution  which  is  similar  to  the  average 
In  contrast.  Fig.  7c  (and  Fig.  6c)  shows  a  sample  with  a  higher  density  of 
large  graphite  particles  while  the  sample  in  Fig.  7d  (and  Fig.  6d)  shows  a 
higher  density  of  fine  particles. 


3.3  Phase  III 


Tensile  properties  of  the  commercially  heat  treated  samples  tested  at 
0.02  in/min  are  summarized  in  Tables  3  to  6  for  the  Grade  1  (33  HRC)  and  Grade 
3  (42  HRC)  materials.  Each  table  includes  data  for  one  heat  treat  grade  and 
plate  thickness.  Data  include  yield  strength,  ultimate  tensile  strength, 
total  tensile  elongation,  and  reduction  in  area  at  fracture.  Representative 
tensile  curves  for  the  Grade  1  and  Grade  3  materials  are  presented  in  Figures 
8  to  11.  In  each  figure  stress -strain  curves  for  the  samples  which  exhibited 
the  maximum  ductility  at  each  test  temperature  in  the  temperature  rang**  of  - 
80°C  to  120°C  are  presented.  Also,  each  figure  includes  a  presentation  of  the 
complete  stress  strain  curves  in  part  "a"  and  in  part  ”b"  a  plot  on  an 
expanded  strain  scale  to  illustrate  the  effects  of  temperature  on  the  onset  of 
yielding.  All  samples  exhibited  continuous  yielding  behavior.  As  shown  in 
Figs.  8  and  9  for  the  Grade  1  material,  the  deformation  behavior  is 
essentially  independent  of  plate  thickness  but  depends  on  test  temperature. 

At  -80°C  the  Grade  1  material  exhibits  a  low  yield  strength  and  a  high  initial 
strain  hardening  rate.  With  an  increase  in  test  temperature,  the  yield  stress 
increases  and  the  initial  strain  hardening  rate  decreases.  In  contrast,  for 
the  Grade  3  material  the  deformation  behavior  is  essentially  independent  of 
plate  thickness  and  test  temperature. 

The  effects  of  test  temperature  on  tensile  properties  are  summarized  in 
Figs.  12  and  13  in  which  the  yield  stresses  and  ultimate  tensile  strengths  for 
each  grade  type  and  plate  thickness  are  plotted  versus  test  temperature. 
Figures  12a  and  12b  show  that  for  the  Grade  1  material  the  yield  stress 
increases  with  test  temperature  while  the  ultimate  tensile  strengths  are 
essentially  independent  of  test  temperature.  In  contrast  to  the  Grade  1 
material.  Figures  13a  and  13b  show  that  for  the  Grade  3  material  there  is  no 
apparent  temperature  dependence  of  either  the  yield  stress  or  ultimate  tensile 
strengths . 


3.4  Analysis  of  Retained  Austenite 

Retained  austenite  measurements  were  made  on  the  as  heat  treated 
materials  for  each  experimental  phase  and  as  a  function  of  imposed  rolling 
strain  for  samples  of  the  Grade  1  and  Grade  3  materials  in  Phase  III.  The 
retained  austenite  measurements  on  the  heat  treated  ;amples  are  summarized  in 
Table  7.  In  Phase  I  for  the  samples  austempered  at  370°C  the  retained 


austenite  volume  fractions  were  essentially  constant  in  the  range  of  20  to 
25%.  The  material  austempered  at  345°C  in  Phase  II  exhibited  approximately 
38%  austenite  while  the  Grade  1  and  Grade  3  materials  of  Phase  III  exhibited 
volume  fractions  of  27  and  19%  respectively.  Also  shown  in  Table  7  is  the 
retained  austenite  measured  on  a  sample  removed  from  a  tank  track  section. 

The  effects  of  imposed  rolling  strain  on  strain- induced  transformation 
of  austenite  in  the  Grade  1  and  Grade  3  materials  of  Phase  III  are  shown  in 
Figure  14.  For  both  materials  the  volume  fraction  of  austenite  decreased  with 
an  increase  in  strain.  Also,  at  high  strains  both  materials  exhibited 
essentially  the  same  retained  austenite  content  of  approximately  6%  for 
samples  strained  19%  by  rolling.  This  deformation- induced  transformation  of 
austenite  documented  in  the  rolling  experiments  is  expected. 
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4.0  DISCUSSION 


Figure  15  summarizes  all  combinations  of  ultimate  tensile  strengths  and 
elongations  for  ADI  specimens  tested  in  the  Phase  II  and  Phase  III  experiments 
of  this  investigation.  The  data  are  compared  to  a  band  of  expected  ultimate 
tensile  strength -elongation  combinations  for  ADI  published  by  Gundlach  and 
Janowak  (1).  The  lower  boundary  of  the  band  corresponds  to  minimum  values  of 
room  temperature  properties  tabulated  for  ADI  specimens  in  the  ADI  ASTM 
specif ication  and  summarized  in  Table  1  (4).  While  the  Grade  1  and  Grade  3 
ultimate  strengths  measured  in  this  investigation  generally  meet  the 
requirements  of  the  ASTM  specification,  the  elongations  of  most  specimens  are 
below  the  expected  values. 

There  may  be  a  number  of  explanations  for  the  lower  than  expected 
ductilities  of  the  ADI  specimens.  Documented  variations  in  nodule  size 
distributions  and  microporosity  are  possible  causes  of  fracture  initiation  and 
reduced  elongation.  Segregation  at  intercell  boundaries,  which  leads  to  large 
volumes  of  unreacted  austenite  and  to  reduced  ductility,  does  not  appear  to  be 
a  factor  in  the  specimens  examined  in  this  study.  Another  factor  which  might 
account  for  reduced  ductility  is  the  effect  of  low- temperature  testing  as 
described  below. 

Apart  from  ductility,  the  flow  strengths  and  strain  hardening  behavior 
of  the  ADI  specimens  are  significantly  affected  by  test  temperature.  In 
specimens  with  high  retained  austenite  contents,  yield  strength  decreases  with 
decreasing  test  temperature  in  contrast  to  the  behavior  of  specimens  with 
stable  microstructures .  The  reduced  yield  strengths  are  associated  with  the 
strain- induced  austenite  transformation  to  martensite,  a  process  that,  because 
of  the  associated  volume  increase,  increases  the  effective  strain  measured 
during  yielding  (11).  However,  as  shown  in  Figure  8,  the  strain- induced 
martensite  causes  rapid  strain  hardening  and  increased  strain  hardening  at  low 
plastic  strains.  The  latter  behavior  is  most  pronounced  in  the  Grade  1 
specimens  with  high  retained  austenite.  In  Grade  3  specimens  with  lower 
retained  austenite,  yielding  behavior  is  effectively  insensitive  to  testing 
temperature,  Figure  13. 

At  higher  tasting  temperatures,  the  mechanical  stability  of  the  retained 
austenite  increases,  and  there  is  little  effect  of  austenite  transformation  on 
yield  behavior.  However,  with  increasing  strain  the  austenite  eventually 
transforms,  and  if  the  strain- induced  transformation  occurs  around  the  point 
of  necking  instability,  the  enhanced  strain  hardening  effectively  defers 
necking  and  increases  ductility  (6-9).  The  latter  effect  appears  to  be 
operating  in  the  specimens  tested  above  room  temperature  where  the  highest 
elongations  measured  in  this  investigation  were  observed. 

In  addition  to  a  change  in  strain  hardening  behavior,  the  fracture  mode 
in  the  ferrite  between  graphite  nodules  changed  with  test  temperature  from 
void  coalescence  at  high  temperatures  to  cleavage  at  temperatures  at  or 
below  -30°C.  To  illustrate  this  point.  Fig.  16  presents  SEM  photographs  of 
the  tensile  fracture  surfaces  of  Phase  II  samples  tested  at  120°C  (Fig.  16a) 
and  -30°C  (Fig.  16c).  Also  shown  in  Figs.  16b  and  16d  are  the  corresponding 
cross  sections  of  the  fracture  surfaces  (similar  to  those  presented  in  Fig.  6) 
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for  the  120°C  and  -30°C  samples  respectively.  The  fracture  of  the  120°C 
sample  is  associated  with  well  defined  void  coalescence  (Fig.  16a)  and  necking 
(Fig.  16b;.  In  contrast,  fracture  of  the  -30°C  sample  exhibits  cleavage  in 
the  matrix  (Fig.  16c)  and  a  relatively  flat  fracture  surface  with  limited 
ne  :king  (Fig.  16d) .  Since  Fig.  15  includes  all  of  the  data  of  this  study, 
while  the  ASTH  results  are  for  room  temperature  tests,  the  transition  to 
cleavage  fracture  at  low  temperatures  may  contribute  to  the  decreased 
ductilities  observed  in  the  samples  of  this  study  in  comparison  to  the  minimum 
values  quoted  by  ASTM. 


5.0  CONCLUSIONS 

1.  The  temperature  dependence  of  the  strain- induced  transformation  of 
retained  austenite  to  martensite  in  ADI  specimens  plays  an 
important  role  in  establishing  deformation  behavior. 

2.  At  low  testing  temperatures,  the  strain- induced  transformation  of 
retained  austenite  occurs  at  low  strains,  reduces  yield  strengths, 
and  Increases  strain  hardening  rates  at  low  strains. 

3.  At  high  testing  temperatures,  the  strain- induced  transformation  of 
retained  austenite  occurs  at  high  strains  and  the  associated 
increases  in  strain  hardening  increase  ductility. 

4.  There  is  a  transition  in  fracture  mode  of  the  ADI  matrix  from 
ductile  to  brittle  as  test  temperature  is  decreased  below  room 
temperature . 

4.  The  elongations  measured  for  ADI  specimens  except  for  specimens 

tested  above  room  temperature,  were  generally  lower  than  expected. 
The  lower  ductilities  were  related  to  microporosity,  differences 
in  graphite  nodule  distributions,  and  a  transition  in  strain 
hardening  and  fracture  behavior  at  low  testing  temperatures. 
Further  work  is  necessary  to  develop  detailed  correlations  of 
microstructure  with  fracture  phenomena  of  ADI. 
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TABLE  2  -  Summary  of  Sample  Designations,  Test  Conditions,  and  Tensile 
Properties  for  All  Tensile  Samples  in  Phase  II 
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TABLE  3  -  Summary  of  Sample  Designations,  Test  Conditions,  and  Tensile  Properties  for  All 
Tensile  Samples  in  Phase  III,  for  Grade  1  Samples  from  the  0.5  Inch  Thick  Plate 
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TABLE  4  -  Summary  of  Sample  Designations,  Test  Conditions,  and  Tensile  Properties  for  All 
Tensile  Samples  in  Phase  III,  for  Grade  1  Samples  from  the  1.0  Inch  Thick  Plate 


REDUCTION 

IN  AREA 
(X) 

l 

CM 

CM 

1 

1 

1 

00 

CM 

_ ^2 _ 1 

1 

1 

TOTAL 

ELONGATION 

(X) 

en 

m 

00 

cn 

SO 

m 

1 

1 

I 

I 

4.8 

5.9 

Ov 

Os 

ULTIMATE 

STRENGTH 

(ksi) 

157 

142 

136 

«$■ 

145 

140 

141 

133 

130 

130 

126 

126 

129 

132 

139 

YIELD 

STRESS 

(ksi) 

71 

71 

71 

93 

89 

91 

109 

104 

103 

106 

101 

102 

103 

104 

m 

o 

CROSSHEAD 

SPEED 

(in/min) 

zoo 

CM 

o 

o 

0.02 

20  0 

CM 

o 

o 

0.02 

CM 

O 

© 

0.02 

CM 

o 

o 

200 

CM 

o 

o 

CM 

o 

o 

20 ' 0 

CM 

o 

o 

0.02 

TEST  TEMP. 
<°C) 

O 

00 

o 

00 

1 

o 

00 

1 

-30 

-30 

-30 

23 

23 

23 

70 

70 

70 

120 

120 

120 

SPECIMEN 

NO. 

cn 

m 

3 

m 

o 

m 

3 

H 

CM 

m 

3 

AAA42 

AAA43 

>3- 

3 

vO 

3 

VO 

AAA47 

00 

<4* 

3 

AAA49 

12 


TABLE  5  -  Summary  of  Sample  Designations,  Test  Conditions,  and  Tensile  Properties  for  All 
Tensile  Samples  in  Phase  III,  for  Grade  3  Samples  from  the  0.5  Inch  Thick  Plate 
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TABLE  6  -  Summary  of  Sample  Designations,  Test  Conditions,  and  Tensile  Properties  for  All 
Tensile  Samples  in  Phase  III,  for  Grade  3  Samples  from  the  1.0  Inch  Thick  Plate 
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Figure  1:  Microstructures  of  the  as-cast  plates,  (a)  0.5  inch  thick  plate,  100X.  (b)  0.5  inch  thick 

plate,  1000X.  (c)  1.0  inch  thick  plate,  100X.  (b)  1.0  inch  thick  plate,  1000X.  Light 
micrographs,  Nital  etch. 


Figure  2:  Microstructures  of  Phase  I  samples  austempered  at  370°C  for:  (a)  15  min. 

min.  and  (d)  120  min.  Light  micrographs,  Nital  etch,  500X. 
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Figure  3:  A  summary  of  the  effect  of  austempering  time  on  the  hardness  of 

Phase  I  samples  austempered  at  370°C.  Also  shown  are  the  results 
of  Janowak  and  Morton  (10)  on  1 . 5XN1-0. 3%Mo  alloy. 
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Figure  4:  Tensile  stress-strain  curves  for  four  Phase  II  samples  of 

austenitic  ductile  iron  tested  at  120°C  at  a  crosshead  speed  of 
0.02  in/min. 
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ENGINEERING  STRESS(KSI) 


Figure 


0  5  10  15  20 
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5:  A  comparison  of  Che  effect  of  test  temperature  on  the  stress  - 

strain  curves  for  Phase  II  samples  which  exhibited  the  maximum 
ductility  at  each  test  temperature. 
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FREQUENCY  (%)  FREQUENCY (%) 


c 


d 


Figure  7:  Graphite  nodule  size  distributions  for  the  Phase  II  micrographs 

shown  in  Figure  6.  The  average  distribution  from  an  analysis  of 
20  samples  is  also  shown  by  the  dashed  line  in  each  graph.  (a) 
Sample  ADI13,  120°C,  134ksi  UTS,  (b)  Sample  ADI38,  120°C,  152ksi 
UTS,  (c)  Sample  ADI22,  -80°C,  109ksi  UTS,  (d)  Sample  ADI34,  - 
80°C,  163  ksi.  Light  micrographs,  unetched. 


22 


ENGINEERING  STRESS(KSI) 


ENGINEERING  STRAIN(%) 


Figure  8:  The  effect  of  test  temperature  on  tensile  properties:  Phase  III, 

Grade  1,  0.5  inch  thick  plate.  (a)  complete  stress  strain  curves 
for  selected  samples  which  exhibited  the  maximum  ductility  at  each 
test  temperature.  (b)  expanded  low  strain  behavior  of  samples 
shown  in  part  "a" . 
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ENGINEERING  STRESS(KSI) 


ENGINEERING  STRAIN(%)  b 

Figure  9:  The  effect  of  test  temperature  on  tensile  properties:  Phase  III, 

Grade  1,  1.0  inch  thick  plate,  (a)  complete  stress  strain  curves 
for  selected  samples  which  exhibited  the  maximum  ductility  at  each 
test  temperature,  (b)  expanded  low  strain  behavior  of  samples 
shown  in  part  "a" . 
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ENGINEERING  STRAIN(%) 

Figure  10:  The  effect  of  test  temperature  on  tensile  properties:  Phase  III, 
Grade  3,  5  inch  thick  plate,  (a)  complete  stress  strain  curves 

for  selected  samples  which  exhibited  the  maximum  ductility  at  each 
test  temperature.  (b)  expanded  low  strain  behavior  of  samples 
shown  in  part  "a" . 

25 


ENGINEERING  STRESS(KSI) 


ENGINEERING  STRAIN(%)  b 

Figure  11:  The  effect  of  test  temperature  on  tensile  properties:  Phase  III, 
Grade  3,  1.0  inch  thick  plate.  (a)  complete  stress  strain  curves 
for  selected  samples  which  exhibited  the  maximum  ductility  at  each 
test  temperature.  (b)  expanded  low  strain  behavior  of  samples 
shown  in  part  "a". 
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Figure  12:  The  effect  of  test  temperature  on  the  yield  stress  and  ultimate 

tensile  strength  for  all  of  the  Phase  III,  Grade  1  tensile  samples 
(a)  0.5  inch  thick  plate,  (b)  1.0  inch  thick  plate. 
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Figure  13:  The  effect  of  test  temperature  on  the  yield  stress  and  ultimate 

tensile  strength  for  all  of  the  Phase  III,  Grade  3  tensile  samples 
(a)  0.5  inch  thick  plate.  (b)  1.0  inch  thick  plate. 
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Figure  14:  The  effect  of  rolling  strain  on  the  retained  austenite  volume 
fraction  from  Phase  III,  Grade  1  and  Grade  3  samples. 
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Figure  IS:  Summary  of  ultimate  tensile  strengths  and  ductilities  for  all  of 
the  Phase  II  and  Phase  III  tensile  samples.  Also  shown  are  the 
results,  in  the  highlighted  band,  from  a  series  of  ductile  irons 
as  reported  in  the  literature  (1). 
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